observed in several pilot studies and clinical trials and prompted FDA approval in April 2011 for use as a salvage monotherapy for GBM patients (see approved indications and contraindications in Table 1) . 10, 13, 17, 19, 25 In October 2015, Optune (formerly known as NovoTTF-100A, Novocure Ltd.) was approved for use with TMZ for the treatment of adults with newly diagnosed supratentorial GBM following maximal surgical debulking and completion of radiation therapy with concomitant standard-of-care chemotherapy. 27 Several clinical trials are evaluating TTFs for use in GBM, WHO Grade II and III meningioma, pancreatic cancer, ovarian cancer, and non-small cell lung cancer (NSCLC) brain metastases. Two phase III randomized clinical trials have been completed for newly diagnosed and recurrent GBM ( Table 2) .
TTFs: Rationale
Despite aggressive treatment, outcomes for GBM patients remain bleak. A major limitation of most cancer treatments is their poor therapeutic index. 10 Glioblastoma is an attractive candidate for TTFs because although this lesion type diffusely infiltrates the brain, 28 it almost never metastasizes, 25 making GBM particularly suitable for regional therapy such as alternating electric fields. Since TTFs exert their effects via physical rather than biological or chemical mechanisms, the therapeutic effect is less likely to be dependent on one specific cellular characteristic such as cell surface receptor expression. As such, TTFs are expected to be an efficacious therapy against many tumor types, as well as less sensitive to mutation immunity, similar to radiation therapy. 10 Unlike with radiation, however, there is a much lower risk of toxicity to the patient. In addition, TTFs inherently avoid the issue of delivering treatment across the blood-brain barrier, a major experimental and clinical hurdle for cytotoxic and targeted therapies.
The current standard of care for GBM includes chemotherapy as salvage therapy. While it may improve survival in some individuals, there are chemotherapy-related toxicities that diminish patient QOL. 25 In GBM patients, TTFs as monotherapy have been shown to perform as well as chemotherapy, without harmful side effects.
TTFs: Mechanism of Action
Cells contain ions and polar molecules that are responsive to and generate electric fields. 10 Ions and polar molecules behave differently when placed within electric fields. Ions tend to flow in a field, whereas polar molecules orient themselves along the field lines.
9,10 However, this occurs only in uniform electric fields. Nonuniform electric fields cause polar molecules to move toward higher field intensities, a process is known as "dielectrophoresis."
5,10
Alternating electric fields with intermediate frequencies (range 100 kHz to 1 MHz) have significant effects on cells undergoing mitosis, driving these dividing cells to apoptosis, while having no major effects on nondividing cells. 12 This interference with replication has been the basis for TTFs in cancer therapy, since tumor cells replicate much faster than most normal cells. 10 Time-lapse microphotography has shown that mitosis is prolonged in dividing cells exposed to TTFs. 12 In addition, cells undergoing mitosis while being exposed to TTFs may be destroyed as the formation of the cleavage furrow proceeds and the cell membrane ruptures. Two mechanisms are thought to play a role in cellular death due to TTFs: microtubule subunit misalignment and dielectrophoretic movement of organelles and macromolecules. 10, 12, 25 Failure of cytokinetic furrow formation can lead to inappropriate chromosome segregation and eventual cell death. 7 During cytokinesis, furrow formation is expected to cause distortion in the applied electric fields to become nonuniform (heterogeneous; Fig. 1 ). This induces unidirectional forces (dielectrophoresis) that interfere with spindle tubulin. 6, 10 These effects are similar to those caused by drugs (for example, paclitaxel or vinca alkaloid derivatives) that directly interfere with microtubule polymerization. 18, 19 The induced forces depend on the angle between the field and the axis of division. Cells aligned with applied fields are more strongly affected than those that are unaligned. Applying several fields sequentially in multiple directions allows the TTFs therapy to overcome this natural barrier and increase its antiproliferative effectiveness in vitro and in vivo. 10 It has been shown that the antiproliferative effects are dependent on the mitotic spindle orientation in relation to the field.
19
The Optune device delivers intermediate-frequency (100-200 kHz), low-intensity (1-2 V/cm), alternating electric fields through disposable ceramic transducer arrays placed on the patient's shaved scalp. 19 The device is battery operated to increase portability and allow for patient mobility during use and is preset by treatment personnel, thus not requiring the patient to control it (Fig. 2) . 17, 19 The smaller and lighter second-generation Optune system was approved by the FDA on July 13, 2016.
Preclinical Studies

Initial Studies With Various Tumor Cell Lines In Vitro and In Vivo
The first study to show that low-intensity, intermediatefrequency, alternating electric fields inhibit cell division was published in 2004. 12 Authors of this study examined the effects of these fields on 11 in vitro cancer cell lines, including human malignant glioma, lung cancer, breast cancer, prostate cancer, melanoma, as well as mouse melanoma and adenocarcinoma and rat malignant glioma cell lines. In all 11 cell lines tested, 24-hour exposure at field intensities of 1.0-1.4 V/cm and 100 kHz caused significant mitotic inhibition, which was observed up to 72 hours posttreatment. 12 Noncancerous baby hamster kidney cells exposed to TTFs were unaffected, as were various nonreplicating rat tissues, further demonstrating that TTFs only affect tissues that are undergoing rapid cellular division. 12 Kirson et al. demonstrated that there is an optimal frequency for maximum inhibition of different tumor cell types, where the optimal TTFs frequency is inversely related to cell size. 10 Optimum frequency (200 kHz) was observed across the malignant glioma cell lines tested.
In in vivo studies of tumor-bearing mice, in which the animals were subsequently exposed to TTFs for 3-6 days (100-200 kHz, < 2 V/cm), the TTFs were effective in inhibiting tumor growth. When multiple TTFs were applied sequentially in different directions, the diameter of the treated tumor was about half the size of the untreated control. 10 Interestingly, the presence of abnormal mitotic figures was demonstrated in a rat glioma model following TTFs application. 7 
Safety Studies
Potential toxicity to human cells from the use of TTFs was addressed and subsequently ruled out because of the low field intensity. To prevent prolonged exposure of human skin to the externally applied ceramic arrays, the arrays are insulated, which lowers impedance and allows safe operating voltages to be used to generate the TTFs (http://www.accessdata.fda.gov/cdrh_docs/pdf10/ P100034c.pdf). 16 
TTFs Combined With Chemotherapy
The combination of TTFs and conventional chemotherapies (paclitaxel, doxorubicin, cyclophosphamide) was tested, and dose-response curves were established. 13 As the concentration of the drug increased, cell proliferation decreased. Combining TTFs with chemotherapy shifted the dose-response curves to the left, indicating that lower doses of the chemotherapy agents achieved the same growth inhibition in the presence of TTFs. 13 To test TTFs with chemotherapeutic agents in malignant gliomas, cells were cultured in TTFs alone and in combination with dacarbazine. Application of the TTFs augmented the efficacy of the alkylating drug. In tumorbearing rabbits, paclitaxel alone inhibited tumor growth by 15%, TTFs alone by 53%, and TTFs with paclitaxel by 69%. The TTFs-mediated enhanced sensitivity to chemotherapy was statistically significant in vivo. 13 An in vitro study examined the potential of TTFs to treat multidrug-resistant (MDR) tumor cells. 20 Both MDR cell lines and their wild-type counterparts were subjected to TTFs for 72 hours with and without chemotherapeutic agents. When MDR cells were treated with TTFs alone, a reduction in viable cells was observed; however, when TTFs were administered with chemotherapy, the viable cells decreased significantly versus chemotherapy alone.
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The TTFs augmented the cells' sensitivity to chemotherapy, not by altering drug transport but possibly by the disruptive forces of TTFs to cytoskeletal, microtubule, and mitochondrial molecules.
Clinical Studies in GBM
A small pilot study of TTFs in humans (6 subjects) demonstrated feasibility. 19 Subjects (median age 66 years) had a variety of primary tumors, had been heavily pretreated for progressive disease, and had exhausted standard-of-care treatments. Selection criteria for the study included at least 1 measurable lesion, a tumor accessible by TTFs, and no concomitant antitumor therapy. Compliance in this study, > 80%, demonstrated that TTFs (13-46 days) were well tolerated with no serious adverse events. Adverse events that did occur were mild (Grade 1) skin irritation beneath the electrodes and were reversible with topical steroids and electrode repositioning. Overall, 1 patient had a partial response, whereas 3 had tumor growth arrest during treatment.
The first demonstration of the efficacy of TTFs treatment was documented in 10 recurrent GBM patients. 10 A TTFs treatment of 280 weeks yielded no serious adverse events or changes in serum chemistry and blood count in any patient. Most of the patients had mild to moderate contact dermatitis in the treatment area, which responded to topical steroids and electrode relocation. These reactions were probably caused by chronic moisture, heat, or chemical irritation by the hydrogel and medical tape. Patients were treated for 18 hours/day until tumor progression was evident on neuroimaging. 10 This length of time was determined based on in vitro data showing that TTFs are most effective when applied continuously for at least 16 hours. In that study, the median time to disease progression (TTP) was 26.1 weeks and progression-free survival (PFS) at 6 months was 50%. The median overall survival (OS) for these 10 recurrent GBM patients was 62.2 weeks. The OS and TTP values obtained with TTFs were more than twice the median historical control values at that time. 10 Given the results of the GBM pilot study, an international, multi-institutional phase III trial of recurrent GBM treatment was launched. 25 In this study, Optune was tested as monotherapy and compared with an active chemotherapy control group. The primary end point of this study was an increase in OS. Inclusion criteria included an age ≥ 18 years, prior radiotherapy, histologically confirmed recurrent GBM, and radiologically confirmed disease progression with no limit on previous therapies or recurrences. Patients with infratentorial tumors or with implanted medical devices were excluded from the study. The patient population (237 patients, median age 54 years) was divided between monotherapy (120 patients) and control (117 patients) groups, and > 80% of the entire study cohort had failed 2 or more prior chemotherapies. Data from a log file on the device indicated that compliance was 86% (20.6 hours/day). In the active chemotherapy control group, patients were mainly treated with bevacizumab or irinotecan (31% each), nitrosourea (25%), carboplatin (13%), or TMZ (11%). Median survival was 6.6 months in the TTFs group, compared with 6.0 months in controls. Two-and 3-year survival rates were 8% and 4%, respectively, in the TTFs group, compared with 5% and 1% in controls. The hazard ratio (0.86, 95% CI 0.66-1.12) indicated that TTFs monotherapy was at least as effective as chemotherapy. No systemic side effects were observed in the TTFs group, with only Grade 1 or 2 contact dermatitis beneath the transducer arrays in 16% of the patients. Longitudinal QOL data were analyzed in patients when available (63 patients [27%]). Improvements in QOL were reported for cognitive, emotional, and role functioning in the TTFs patients, with a potential decrease in physical functioning. Symptoms related to chemotherapy included appetite loss, diarrhea, constipation, nausea, vomiting, pain, and fatigue. Given the progressive nature of GBM, 220 patients had died at a median follow-up of 39 months. Patients received supportive care after tumor progression, with only 5.8% of TTFs patients and 10.3% of controls receiving further salvage therapy.
Although the primary end point (increased OS as compared with survival in chemotherapy controls) was not met in this study, the TTFs therapy was effective as a monotherapy with the added benefits of avoiding toxicity and improving QOL. 25 More patients showed objective radiological responses in the TTFs group than in the active chemotherapy control group, although the difference was not significant because of the relatively low numbers of patients (see our illustrative case in Fig. 3 ).
FIG. 3. Case illustration.
A 55-year-old woman underwent resection of a right temporal GBM followed by adjuvant radiation therapy and chemotherapy (standard regimen in Stupp et al., 2012) . Follow-up brain MRI after 5 cycles of TMZ showed evidence of recurrent tumor (pretreatment, upper). Repeat surgery was recommended; however, the patient refused and was very motivated to initiate NovoTTF therapy. After 6 months of continuous treatment (compliance > 80%), the patient remained neurologically stable with an improved radiological appearance of the right temporal GBM (6 months posttreatment, middle). Noncontrast and postcontrast T1-weighted MR images show decrease in size and contrast enhancement following NovoTTF treatment. The patient has remained neurologically stable after 2.5 years of therapy (30 months posttreatment, lower) with no radiological evidence of tumor recurrence. Persistent peritumoral hyperintense signal changes on T2 and FLAIR images were noted. Increased susceptibility artifact was noted along the enhancing portion of the tumor after NovoTTF therapy on susceptibility-weighted images, which has resolved on long-term follow-up. An area of increased cerebral blood volume was noted along the posterior enhancing margin of the tumor on perfusion-weighted imaging (white arrow, upper). Interestingly, after 6 months of NovoTTF therapy, perfusion analysis demonstrated an overall decreased relative cerebral blood volume in the region of the mass and surrounding parenchyma (white arrow, middle). Low perfusion remained in this area on long-term follow-up (white arrow, lower). PWI = perfusion-weighted imaging; SWI = susceptibility-weighted imaging.
TTFs for Newly Diagnosed GBM
A single-center pilot clinical study was performed in 10 subjects with newly diagnosed GBM. 13 In this trial, median PFS for subjects treated with the TTFs device was 14.4 months, which was better than PFS for historical controls (7.1 months). 13 The study concluded after 4 years, when 3 patients were alive with no tumor progression, 5 had died, and 2 were lost to follow-up. Median OS from the time of initial diagnosis exceeded 40 months, as compared with 14.7 months of historical controls. Mild to moderate scalp irritation attributed to the transducer arrays was the only adverse event that could be directly linked to the TTFs device. Findings from this pilot study, along with preliminary results of the EF-11 study, prompted a prospective, randomized, open-label controlled trial examining the safety and efficacy of TTFs in combination with TMZ compared with TMZ alone in subjects with newly diagnosed GBM.
EF-14 Data
To further establish that TTFs treatment is a valuable addition to current standard of care for newly diagnosed GBM, a clinical trial (NCT00916409) was performed.
23,24
The study was terminated early after finding significant increases in PFS and OS in patients treated using TTFs with TMZ. Patients treated with Optune and TMZ (210 patients) had statistically significant improvements in median PFS (7.1 vs 4.0 months, p = 0.001) and OS (19.6 vs 16.6 months, p = 0.034) compared with patients treated with TMZ alone (105 patients). 24 These data support the use of TTFs combined with TMZ in the treatment of newly diagnosed GBM. 23 In this pivotal EF-14 trial, 695 patients were randomized 2:1 to undergo treatment with TTFs along with maintenance TMZ following chemoradiation for histologically proven GBM. An interim analysis on the first 315 randomized subjects and a final analysis with the intent-totreat study population data on PFS and OS were recently published. 23, 24 The PFS (primary end point) benefit at the interim and final analysis was 3 months, which was statistically significant. The OS benefit (secondary end point) was also statistically significant at 3 months in the interim analysis (19.6 vs 16.6 months) and final analysis (19.4 vs 16.6 months) in subjects randomized to TTFs plus TMZ versus TMZ alone. Quality of life assessments (including metrics for cognitive function and functional status) demonstrated no detriment related to device use. Adverse events attributed to the TTFs included skin irritation, although Grade 3 skin toxicity occurred in only 2% of those treated with TTFs plus TMZ. 23 Long-term analysis of the full data set of 695 patients enrolled in the trial confirmed the findings of the interim analysis. The addition of TTFs to TMZ improved PFS by 2.7 months (from 4 to 6.7 months) and OS by 4.8 months (from 16 to 20.8 months from randomization, or from 19.8 to 24.5 months from diagnosis). 21 Overall, the EF-14 data demonstrated prolongation of both PFS and OS with the use of TTFs administered concurrently with maintenance TMZ, after surgery plus postoperative chemoradiation, as compared with maintenance TMZ alone, and with minimal skin toxicity and no detrimental effect on QOL measures. 23 
Ongoing Clinical Trials
Because TTFs show promise in treating GBM patients, more clinical trials have been launched to further explore their potential. Currently, 6 neurooncology clinical trials of TTFs are actively recruiting patients (Table 2) . Four clinical trials are focused on treating GBM, 1 on atypical and anaplastic meningioma, and 1 on NSCLC brain metastases. For GBM, studies of TTFs in combination with bevacizumab or with radiotherapy and bevacizumab are underway. A unique phase II pilot study (NCT01954576) that began in October 2013 is examining TTFs in recurrent GBM patients while performing genetic biomarker analysis to identify the genetic signature of recurrent GBM as it responds to treatment. The pilot study treating high-grade meningiomas, which have a high rate of recurrence, short survival time, and limited treatment options, 4 is expected to be completed in mid-2017. Non-small cell lung cancer brain metastases are also being studied. Since TTFs are efficacious in primary lung tumors (NSCLC) 17 and in intracranial tumors (GBM), 10, 19, 25 TTFs may also be effective in treating NSCLC metastases to the brain, especially given that preclinical data support this hypothesis.
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Discussion
Transducer Array Layout
Tumor treating fields customize treatment through the creation of individualized "treatment maps." Array application is adapted to a specific region as defined by brain imaging provided by the treating physician. Novocure's proprietary transducer array layout (NovoTAL) system is used to maximize field intensity to the target site of disease. Current data suggest that at recurrence, patients should have their tumors remapped and the TTF measurements adjusted. 23 Multifocal disease is difficult to treat with TTFs since optimizing the field in one location may cause field intensity to be lowered in another location, thereby decreasing therapeutic efficacy at that site. 26 Prescribing the device requires certification. Optune's instructions for use require prescribing medical personnel to complete a training course provided by Novocure. 16 In addition, physicians can be trained and certified to use the NovoTAL system for independent TAL mapping on their patients. 
Patient Concerns
In our experience, some patients find Optune to be cumbersome in its current design; however, future design changes may improve device tolerability and compliance. Clinical trials have suggested improved efficacy with at least 18 hours per day of device use, and most patients are able to comply with adequate education and support.
Patients may be reluctant to shave their heads, as is required for application of the Optune arrays. Our clinical experience echoes the findings of the 2 major randomized trials of the device, in which skin irritation was the most common side effect experienced by subjects wearing the device. This side effect is generally mild and manageable with the application of topical steroids and repositioning of the Optune arrays. 15 Some patients note a sensation of heat from the arrays, but with appropriate counseling, most do not find this sensation disturbing.
Cost-Effectiveness of Optune Therapy
The cost of the device is approximately $20,000 per month. Although most insurance companies will pay for the device as an FDA-approved therapy for recurrent and newly diagnosed GBM, reimbursement may present a challenge. The National Comprehensive Cancer Network (NCCN) Guidelines have recently upgraded Optune from a Category 3 to a Category 2B treatment for recurrent GBM, making support of reimbursement easier for patients with recurrent disease.
Optimal timing of TTFs in patients with recurrent GBM in terms of efficacy remains unclear, although some data suggest that TTFs may be more effective prior to the use of bevacizumab. Similarly, data regarding relative costs of Optune versus salvage therapy such as bevacizumab are limited. In the setting of a recurrence, cost considerations may be balanced by the potentially fewer side effects from Optune versus systemic therapy, given the expectation that lower systemic toxicity may produce fewer health care costs by decreasing the expense of managing these toxicities. Quality-adjusted life year (QALY), an increasingly commonly used metric for the economic burden of a given therapy, has been estimated at approximately $787,000/ QALY for bevacizumab for newly diagnosed GBM and $270,000/QALY for recurrent GBM.
14 A recent French study calculated the incremental cost-effectiveness ratio (ICER) expressed as monetary costs per life-years gained (LYG) for patients with newly diagnosed GBM treated with Optune. 2 In their analysis, the authors calculated that the total costs of TTF therapy and conventional therapeutic strategies were €243,141 and €57,665, respectively (incremental cost €185,476), resulting in an ICER of €549,909/ LYG (approximately $625,000/LYG).
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Conclusions
Current evidence supports the use of TTFs as a therapeutic option for patients with GBM. The device is FDA approved for patients with both newly diagnosed and recurrent tumors. Additional studies are needed to further validate this treatment modality, optimize patient selection, determine possible benefits of synchronous or metachronous therapies, determine cost-effectiveness, and quantify impact on QOL. These studies are encouraged in the face of the few treatment options currently available for this patient population.
